Key MessagesEgypt is the nation most affected by hepatitis C virus (HCV) infection. Key drivers of this epidemic, particularly the historical role of parenteral antischistosomal therapy (PAT) campaigns, remain poorly understood.Using an analytical mathematical modelling approach, we provided a systematic characterization of the level and trend of the epidemic's historical evolution and a detailed quantitative assessment of the historical role of PAT exposure in HCV transmission.The results affirm that Egypt has endured an HCV epidemic of historic proportions, although PAT campaigns explain only 6% of the cumulative number of infections that have occurred in Egypt from 1950 until the present.These findings have implications towards understanding the determinants of generalized HCV epidemics, several of which are observed globally, but which remain poorly understood and are subject to much research interest.

Introduction
============

Viral hepatitis is the seventh leading cause of mortality, exceeding that of HIV, tuberculosis and malaria.[@dyaa052-B1] Half of all viral hepatitis-related deaths are caused by hepatitis C virus (HCV) infection,[@dyaa052-B1] whose sequelae include hepatitis, fibrosis, cirrhosis and liver cancer.[@dyaa052-B1] HCV antibody (Ab) prevalence is estimated to be ∼1% for the global population,[@dyaa052-B4] in stark contrast to Egypt, which is estimated to have a prevalence of 10%[@dyaa052-B5]---possibly the highest prevalence worldwide.[@dyaa052-B8]

The era of mass campaigns of parenteral antischistosomal therapy (PAT) is believed to be the main driver of this epidemic.[@dyaa052-B5]^,^[@dyaa052-B11] Millions of people received intravenous injections of tartar emetic as treatment for schistosomiasis between the 1950s and early 1980s, particularly in rural areas.[@dyaa052-B5]^,^[@dyaa052-B7]^,^[@dyaa052-B8] An oral drug, praziquantel, was subsequently introduced in the 1980s, replacing the standard of care.[@dyaa052-B5] Based on indirect evidence and risk-factor analyses of multiple cross-sectional surveys,[@dyaa052-B5]^,^[@dyaa052-B6]^,^[@dyaa052-B8]^,^[@dyaa052-B11] it is believed that reuse of glass syringes and lax infection-control practices during these campaigns created a large reservoir of HCV infection in the population.[@dyaa052-B5]^,^[@dyaa052-B8]^,^[@dyaa052-B10]^,^[@dyaa052-B34] Whereas the current infection levels in Egypt are well characterized with quality data,[@dyaa052-B5]^,^[@dyaa052-B35] the historical role of PAT in the epidemic remains poorly characterized.[@dyaa052-B6]

Against this background, we aimed to provide a detailed quantitative assessment of the historical role of PAT exposure in HCV transmission in Egypt. In addition to estimating the proportion of incident and prevalent infections strictly attributed to PAT exposure, we estimated the past levels and trends of HCV Ab prevalence, incidence rate, annual number of new infections, PAT exposure and HCV Ab prevalence among those who were exposed to PAT. Accordingly, we provided a comprehensive characterization of the world's most distinguished HCV epidemic and delineated the role of PAT campaigns in this epidemic.

A major strength of this study is that it is anchored on nationally representative and population-based HCV and PAT-exposure data, and an exhaustive database of HCV Ab-prevalence data. This study used prevalence measures recently extracted through a systematic review of HCV infection in Egypt.[@dyaa052-B6] The present study also accounted for the intricate and rapidly evolving demography of the Egyptian population over the past few decades.

Methods
=======

Mathematical model
------------------

A dynamical mathematical model was constructed by extending and adapting earlier models[@dyaa052-B9]^,^[@dyaa052-B38] to describe HCV transmission in the population of Egypt. The model explicitly incorporated HCV acquisition through PAT exposure. The population that has not been exposed to PAT could acquire HCV infection only through modes of exposure other than PAT exposure. Meanwhile, the population that has been exposed to PAT could acquire HCV infection either through PAT exposure or through other modes of exposure (model equations in the [Supplementary data](#sup1){ref-type="supplementary-material"} are available at *IJE* online). A descriptive diagram of the model is shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online.

The model structured the population by age group, status of infection, stage of infection and infection risk of exposure. Infection natural history consisted of three stages including primary acute infection, secondary acute infection and chronic infection.[@dyaa052-B9]^,^[@dyaa052-B38]^,^[@dyaa052-B39] Egypt's population was disaggregated into 13 age groups based on available HCV Ab-prevalence data: 0--4, 5--9, 10--14, 15--19, 20--24, 25--29, 30--34, 35--39, 40--44, 45--49, 50--54, 55--59 and \>60 years old.

To represent the variability in the infection risk of exposure, five risk groups (other than PAT exposure) were modelled in the population. The mixing between the various risk groups and age groups was dictated by mixing matrices. The force of infection was determined by the iatrogenic contact rate, infection-transmission probability per contact, risk-group mixing and age-group mixing. HCV treatment scale-up was not incorporated in the model, as the modelling was focused on the historical evolution of the epidemic before treatment onset. The impact of HCV treatment on the epidemic in Egypt has already been assessed in our previous study.[@dyaa052-B9]

A detailed description of the model is shown in Supplementary Section 1, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online. Further details on this type of modelling approach can be found in earlier publications.[@dyaa052-B9]^,^[@dyaa052-B38]

Epidemiologic measures
----------------------

Different epidemiologic measures were used to describe the epidemic and its trends, with a focus on the role of PAT exposure in the epidemic. These measures are listed in [Table 1](#dyaa052-T1){ref-type="table"} along with their definitions.

###### 

Epidemiologic measures used to characterize the HCV epidemic and its trends, with a focus on the role of PAT exposure in the HCV epidemic of Egypt

  Measure                                                                             Definition
  ----------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  HCV antibody (Ab) prevalence                                                        Proportion of a given population who are positive for HCV Ab, i.e. proportion of the population who have ever been infected with HCV
  Annual number of new HCV infections (also known as HCV incidence)                   Number of new HCV infections in a given population over the duration of a year
  HCV-incidence rate (also known as force of infection or hazard rate of infection)   Number of new HCV infections per person-time of the at-risk population, i.e. HCV incidence divided by the population size of the at-risk susceptible population
  Population proportion of PAT exposure                                               Proportion of the population who have ever been exposed to PAT
  Proportion of prevalent infections strictly attributed to PAT                       Number of living individuals who have ever been infected by HCV due to PAT exposure divided by the total number of living individuals who have ever been infected by HCV regardless of the mode of transmission
  Proportion of new HCV infections strictly attributed to PAT                         HCV incidence due to PAT exposure divided by the total HCV incidence regardless of the mode of transmission

HCV, hepatitis C virus; PAT, parenteral antischistosomal therapy; Ab, antibody.

Data sources and model fitting
------------------------------

Current data for HCV transmission and natural history were used to parameterize the model ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). Historical demographics (1950--2018) were extracted from the United Nations Population Division database.[@dyaa052-B40] HCV and PAT-exposure input epidemiological data were estimated from the 2008 and 2015 Egypt Demographic and Health Surveys (EDHS).[@dyaa052-B10]^,^[@dyaa052-B34] These data include the age-specific HCV Ab prevalence, population proportion of PAT exposure, HCV Ab prevalence among those exposed to PAT and the proportion of individuals exposed to PAT among those who were HCV Ab-positive.

The time series of HCV Ab prevalence was generated using 259 systematically extracted Ab-prevalence data points obtained through a systematic review of HCV infection in Egypt.[@dyaa052-B6] These data were measured on different populations over 1990--2016, with the populations categorized as general populations, populations at intermediate risk, high-risk clinical populations, special clinical populations and populations with liver-related conditions.[@dyaa052-B6]

The prevalence measures (in those other than the general population) may not be representative of the general population and thus were used to determine only the HCV Ab-prevalence trend (not prevalence level). Specifically, these measures were converted into a corresponding prevalence trend by multiplying each measure in each specific population category by a factor (labelled as the 'anchoring factor'). The temporal variation of HCV Ab prevalence in the population was determined by fitting the anchored prevalence datapoints over 1990--2016, thereby determining the anchoring factors, as well as fitting the 2008 and 2015 EDHS data[@dyaa052-B10]^,^[@dyaa052-B34] ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). The fitting of the EDHS data was set at 100% relative weight, since these are the best-quality nationally representative probability-based data in Egypt, whereas the fitting to the anchored prevalence datapoints was set at 10% relative weight.

The model was fitted to data by utilizing a generalized Lognormal-Gaussian function for the effective rate of infectious contacts ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online) and using a nonlinear least-square fitting method implemented in MATLAB^®^[@dyaa052-B41] using the Nelder--Mead simplex algorithm.[@dyaa052-B42] The formula for the rate of exposure to PAT can be found in Supplementary Section 1, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online.

Further details on data sources and model fitting are shown in Supplementary Section 2, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online.

Uncertainty analysis and sensitivity analyses
---------------------------------------------

A multivariable uncertainty analysis was implemented to derive the uncertainty ranges of the predicted outcomes. A total of 1000 runs of the model were conducted utilizing Latin Hypercube sampling from a multidimensional distribution of the model's structural parameters, with 25% uncertainty around each parameter point estimate. The means and associated 95% uncertainty intervals (UIs) were reported for the key indicators that characterize the role of PAT exposure in the HCV epidemic. Further details on the uncertainty analysis are shown in Supplementary Section 2, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online.

We conducted a sensitivity analysis to assess the impact of under-reporting or over-reporting of PAT exposure by adjusting the self-reported PAT-exposure data by ±50%. We also conducted a sensitivity analysis to assess the impact of HCV disease-related mortality on the model predictions. This was done by incorporating the relative risk of HCV disease-related mortality stratified by age in the model based on the mortality data of a prospective study from Egypt.[@dyaa052-B43]

Results
=======

The model generated robust fits to the various data sources. [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online, shows the fit to Egypt's demographics. [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online, shows the fit to the different HCV and PAT-exposure indicators as extracted from the 2008 and 2015 EDHS data.[@dyaa052-B10]^,^[@dyaa052-B34][Supplementary Figure 5](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online, shows the anchored fit to the HCV Ab-prevalence data of the systematic review.[@dyaa052-B6]

[Figure 1](#dyaa052-F1){ref-type="fig"} reports model predictions for the trend in HCV Ab prevalence *in the total population* of Egypt including all age groups ([Figure 1A](#dyaa052-F1){ref-type="fig"}) and trends in prevalence in children (0--14 years), adults (15--59 years) and older adults (\>60 years) ([Figure 1B](#dyaa052-F1){ref-type="fig"}). HCV prevalence was rising for several decades and reached its peak in 1979, but was projected to decline slowly thereafter. HCV prevalence by age group was similar to that in the total population, but the peak shifted to later years for the older age groups. The earliest peak was in 1970 for children and the latest in 1991 for older adults.

![Historical trend of HCV antibody (Ab) prevalence in Egypt. (**A**) Estimated HCV Ab prevalence in the total population between 1950 and 2018. (**B**) Estimated HCV Ab prevalence in children (0--14 years), adults (15--59 years) and older adults (\>60 years) between 1950 and 2018.](dyaa052f1){#dyaa052-F1}

The HCV-incidence rate in the total population and the annual number of new HCV infections (HCV incidence) can be seen in [Figure 2A and B](#dyaa052-F2){ref-type="fig"}, respectively. The incidence rate peaked in 1966 at 15.7 infections per 1000 person-years and rapidly declined thereafter, starting in mid-1990. The incidence was estimated at 8.0 per 1000 person-years in 2000, but at only 0.7 per 1000 person-years in 2018. Meanwhile, with the rapid demographic growth in Egypt ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online), the annual number of new infections peaked much later in 1993 at 581 200 and declined thereafter down to 491 200 in 2000 and 67 800 in 2018. The cumulative number of individuals who have ever been infected by HCV since 1950 was 16.4 million by 2018, but the number of these individuals alive in 1980 was 4.7 million, 8.6 million in 2000 and 7.1 million in 2018 ([Table 2](#dyaa052-T2){ref-type="table"}).

![Historical trend of HCV incidence in Egypt. (**A**) Estimated HCV-incidence rate in the total population of Egypt between 1950 and 2018. (**B**) Estimated annual number of new HCV infections in the total population of Egypt between 1950 and 2018.](dyaa052f2){#dyaa052-F2}

###### 

Key predicted indicators relating to PAT exposure and HCV infection in Egypt

  Indicator                                                                                                                              1950 (95% UI)              1960 (95% UI)              1970 (95% UI)              1980 (95% UI)               1990 (95% UI)               2000 (95% UI)               2010 (95% UI)               2018 (95% UI)
  -------------------------------------------------------------------------------------------------------------------------------------- -------------------------- -------------------------- -------------------------- --------------------------- --------------------------- --------------------------- --------------------------- ---------------------------
  Number of individuals who have ever been exposed to PAT (millions)                                                                     **0.043 (0.042--0.045)**   **1.39 (1.36--1.43)**      **6.04 (5.91--6.17)**      **8.18 (8.01--8.36)**       **8.32 (8.15--8.50)**       **8.32** (8.15**--**8.50)   **8.32 (8.15--8.50)**       **8.32** (8.15**--**8.50)
  Number of individuals who have ever been exposed to PAT and are currently alive (millions)                                             **0.038 (0.037--0.039)**   **1.29 (1.26--1.32)**      **5.65 (5.53--5.78)**      **7.29 (7.14--7.45)**       **6.61 (6.47--6.75)**       **5.61 (5.49--5.73)**       **4.48 (4.38--4.58)**       **3.54(3.47--3.62)**
  Number of individuals who have ever been infected by HCV since 1950 (millions)                                                         **--**                     **1.34 (0.68--2.64)**      **3.77 (2.38--5.96)**      **6.34 (4.36--9.22)**       **9.61 (7.55--12.22)**      **13.54 (11.94--15.35)**    **15.82 (14.30--17.52)**    **16.38 (14.83--18.09)**
  Number of individuals who have ever been infected by HCV since 1950 and are currently alive (millions)                                 **--**                     **1.09 (0.54--2.22)**      **3.01 (1.88--4.83)**      **4.73 (3.23--6.92)**       **6.62 (5.31--8.25)**       **8.62 (7.88--9.44)**       **8.55 (7.83--9.32)**       **7.08 (6.52--7.68)**
  Number of individuals who have ever been infected by HCV strictly due to PAT exposure (thousands)                                      **4.6 (4.0--5.4)**         **150.1 (129.1--176.4)**   **687.4 (586.8--805.2)**   **947.9 (808.9--1110.6)**   **963.8 (822.5--1129.3)**   **963.9 (822.6--1129.4)**   **963.9 (822.6--1129.4)**   **963.9 (822.6--1129.4)**
  Number of individuals who have ever been infected by HCV strictly due to PAT exposure and are currently alive (thousands)              **4.1 (3.6--4.8)**         **140.9 (120.6--164.6)**   **646.4 (553.2--755.2)**   **850.2 (729.5--990.8)**    **767.9 (660.8--892.5)**    **642.0 (553.6--744.6)**    **499.8 (431.3--579.2)**    **389.8 (336.6--451.5)**
  Number of individuals who have ever been infected by HCV, and also have ever been exposed to PAT, and are currently alive (millions)   **0.006 (0.005--0.007)**   **0.23 (0.17--0.31)**      **1.22 (0.93--1.59)**      **1.88 (1.47--2.40)**       **2.16 (1.84--2.52)**       **2.27 (2.15--2.39)**       **1.91 (1.83--2.00)**       **1.48 (1.41--1.53)**

PAT, parenteral antischistosomal therapy; HCV, hepatitis C virus; UI, uncertainty interval.

[Table 2](#dyaa052-T2){ref-type="table"} and [Figures 3](#dyaa052-F3){ref-type="fig"} and [4](#dyaa052-F4){ref-type="fig"} report key indicators that characterize the historical role of PAT exposure in HCV transmission. The population proportion of PAT exposure was increasing with the mass campaigns and estimated at 0.2% in 1950, 5.1% in 1960 and 17.2% in 1970 ([Figure 3A](#dyaa052-F3){ref-type="fig"}). It reached a peak of 18.8% in 1974 and declined thereafter to 8.5% by 2000 and 3.8% by 2018 ([Figure 3A](#dyaa052-F3){ref-type="fig"}). The cumulative number of individuals who have ever been exposed to PAT was 8.3 million by 2018, but the number of them who were alive was 7.3 million in 1980, 5.6 million in 2000 and only 3.5 million in 2018 ([Table 2](#dyaa052-T2){ref-type="table"}).

![Temporal evolution of PAT exposure and the HCV epidemic in Egypt. (**A**) Projected population proportion of PAT exposure in the total population between 1950 and 2018. (**B**) Projected HCV antibody (Ab) prevalence in those exposed to PAT between 1950 and 2018. (**C**) Projected proportion of individuals exposed to PAT among those who were HCV Ab-positive between 1950 and 2018.](dyaa052f3){#dyaa052-F3}

![Role of PAT exposure in the Egypt HCV epidemic. (**A**) Estimated proportion of the prevalent HCV infections that were strictly attributed to PAT exposure between 1950 and 2018. (**B**) Estimated proportion of the new (incident) HCV infections that were strictly attributed to PAT exposure between 1950 and 2018. (**C**) Estimated age distribution of the number of living individuals who had acquired HCV strictly through PAT exposure by 2018.](dyaa052f4){#dyaa052-F4}

HCV Ab prevalence in those exposed to PAT peaked in 2008 at 42.4% and declined slowly thereafter to 40.6% in 2018 ([Figure 3B](#dyaa052-F3){ref-type="fig"}). The number of HCV-prevalent infections (regardless of whether attributed to PAT or not) among those who have ever been exposed to PAT and alive was estimated at 1.9 million in 1980, 2.3 million in 2000 and 1.5 million in 2018 ([Table 2](#dyaa052-T2){ref-type="table"}). The proportion of individuals exposed to PAT among the total HCV Ab-positive population was growing and reached a peak of 35.5% in 1977, but declined thereafter to 26.5% by 2000 and 21.0% by 2018 ([Figure 3C](#dyaa052-F3){ref-type="fig"}).

The proportion of prevalent infections strictly attributed to PAT exposure was increasing and reached a peak of 19.9% in 1972, but declined thereafter to 7.4% by 2000 and 5.5% by 2018 ([Figure 4A](#dyaa052-F4){ref-type="fig"}). The cumulative number of individuals who have ever been infected strictly due to PAT exposure was 963 900 by 2018, but the number of them who were alive was 850 200 in 1980, 642 000 in 2000 and only 389 800 in 2018 ([Table 2](#dyaa052-T2){ref-type="table"}).

The proportion of new (incident) HCV infections strictly attributed to PAT exposure peaked in 1965 at 21.4%, declined thereafter and eventually vanished with the end of PAT campaigns in the early 1980s ([Figure 4B](#dyaa052-F4){ref-type="fig"}). In 2018, all HCV infections attributed to PAT exposure were among those \>35 years of age ([Figure 4C](#dyaa052-F4){ref-type="fig"}). Notably, the majority of them, totalling 200 280, were among those \>60 years of age---highlighting the advanced ageing of the cohort that acquired HCV during PAT campaigns.

The multivariable uncertainty analysis supported the validity of our results and findings for the role of PAT campaigns in the HCV epidemic ([Table 2](#dyaa052-T2){ref-type="table"}, [Figure 4](#dyaa052-F4){ref-type="fig"} and [Supplementary Figure 6](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). Even with large variations in input parameters, the role of PAT exposure remained qualitatively invariable.

[Supplementary Figures 7 and 8](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online, show the results of the sensitivity analyses for the role of PAT campaigns in the HCV epidemic. The analyses affirmed our conclusion that PAT exposure explains only a minority of HCV infections in Egypt.

Discussion
==========

Egypt has endured an HCV epidemic of historic proportions,[@dyaa052-B5] possibly representing the world\'s largest iatrogenic transmission of blood-borne pathogens known to date.[@dyaa052-B5] Using an analytical approach anchored on extensive quality data for HCV and PAT exposure, we aimed to characterize the historical evolution of this epidemic and to delineate the role of PAT campaigns. We found that PAT exposure played an important role in transmission at the time of the campaigns, between the 1950s and early 1980s. However, cumulatively up to the present, PAT exposure has explained only 5.9% of the cumulative number of 16.4 million infections that have occurred in Egypt since 1950 ([Table 2](#dyaa052-T2){ref-type="table"}). Notably, among those who are HCV Ab-positive today, only 5.5% were infected through PAT exposure, the majority of whom are already \>60 years of age. These findings demonstrate that, despite the role of PAT, the vast majority of infections have been acquired through other modes of transmission, explaining the observed weak spatial association between HCV prevalence and PAT exposure seen in the spatial scan statistical analyses.[@dyaa052-B7]

Strikingly, even during the peak of the PAT campaigns, \<25% of the incidence could be explained by PAT exposure ([Figure 4B](#dyaa052-F4){ref-type="fig"}). Even for those exposed to PAT in earlier times but alive after the year 2000, most infections were acquired through other modes of transmission, sometimes during the several decades of their lifetime. These findings, following multiple studies implicating healthcare exposures (other than PAT) in HCV acquisition,[@dyaa052-B6]^,^[@dyaa052-B8] demonstrate that PAT campaigns were not strictly the cause of the epidemic, as much as a 'symptom' of the less-than-optimal quality of healthcare and limited awareness of blood-borne infection control, at the time of the campaigns and in subsequent decades. The reuse of syringes and lax sterilization practices may have been common well beyond PAT campaigns and up to recent times.[@dyaa052-B6]^,^[@dyaa052-B8]^,^[@dyaa052-B44]

With all the evidence on HCV epidemiology[@dyaa052-B6] and infection control[@dyaa052-B44] being Egyptian in context, it seems most consistent and logical to hypothesize that the cause of the epidemic is the mass expansion of healthcare services and infrastructure in Egypt, which accelerated during the PAT campaigns and subsequent decades, but whose implementation did not adequately adhere to the best practices of infection control. Much of the transmission may have occurred through formal and informal healthcare procedures,[@dyaa052-B6]^,^[@dyaa052-B8] resulting in a series of clustered micro-epidemics. These micro-epidemics represent large and small outbreaks of different intensities, as opposed to one large epidemic.[@dyaa052-B7]

Demography is perhaps the most underappreciated factor in understanding the epidemic. Egypt has been witnessing a rapid growth in population size over the decades, with the population increasing 3-fold since 1965,[@dyaa052-B40] coinciding with the height of the PAT campaigns and associated HCV incidence. The mortality rate was also high at this time, but has declined steadily in recent decades, leading to major increases in life expectancy.[@dyaa052-B40] Accordingly, most of those who acquired HCV through PAT exposure are no longer alive today ([Table 2](#dyaa052-T2){ref-type="table"}). Even though the HCV-incidence rate declined substantially after the peak of the PAT era ([Figure 2A](#dyaa052-F2){ref-type="fig"}), it remained considerable at a time when the population was increasing rapidly (along with its life expectancy), leading to a large number of incident infections and subsequently prevalent infections ([Figure 2B](#dyaa052-F2){ref-type="fig"}). Most infected individuals alive today acquired their infection after the PAT campaigns were phased out in the early 1980s. This further demonstrates that PAT exposure is just one driver of incidence, but most incident infections appear to be related to broader healthcare practices.

The modelled epidemic history highlights several notable findings. Whereas the HCV-incidence rate (i.e. the likelihood of infection for a given person) was highest during the peak of the PAT era in the 1960s ([Figure 2A](#dyaa052-F2){ref-type="fig"}), the incidence (annual number of new infections) was the highest more than two decades later in around 1990 ([Figure 2B](#dyaa052-F2){ref-type="fig"})---the decline in the incidence rate following the PAT era was more than compensated for by the rapid population growth from the 1970s to the 1990s. Since 1993, both the incidence rate and the incidence have been declining very rapidly ([Figure 2](#dyaa052-F2){ref-type="fig"}), likely due to blood screening, improved injection safety and infection control following the identification of the virus in 1989[@dyaa052-B45]^,^[@dyaa052-B46] and discovery of the epidemic in Egypt in the early 1990s.[@dyaa052-B47]^,^[@dyaa052-B48]

Another notable finding is that there are two 'cohort effects' in the Egypt epidemic, best seen in the two incidence peaks in [Figure 2B](#dyaa052-F2){ref-type="fig"}. The first cohort is the well-known and characterized 'PAT-era cohort',[@dyaa052-B5] whereas the second is that of the rapid population growth and high-incidence era between the 1970s and the 1990s. This latter cohort, labelled here as the 'high-incidence cohort', constitutes the most infected people alive today in Egypt.

There are limitations in this study. A sophisticated dynamical modelling approach was used to capture transmission dynamics that was refined and perfected over a series of applications,[@dyaa052-B9]^,^[@dyaa052-B38]^,^[@dyaa052-B49] although model projections are contingent on the quality and representativeness of the input data. PAT-exposure data were extracted from the EDHS databases.[@dyaa052-B10]^,^[@dyaa052-B34] Whereas these surveys are of high quality and are nationally representative, PAT exposure was measured through self-reporting and thus could be prone to reporting or recall bias. Nevertheless, the conducted sensitivity analysis affirmed our findings even in the presence of a large reporting bias in the PAT-exposure data ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).

Whereas a large database of systematically extracted HCV Ab-prevalence data was used to fit the model (practically every available measure in the literature[@dyaa052-B6]), fitting the model to the era before the discovery of the epidemic hinged on the availability of age-specific prevalence data to capture historical exposure over time. Therefore, the uncertainty in the estimates increases as the projections go further back in time, with less age-cohort data becoming available. Despite this wide uncertainty in the earlier years, the uncertainty analysis supported our predictions that PAT exposure contributed to only a minority of infections ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).

Disease-related mortality was not incorporated in the model, but the relative risk of mortality with infection is relatively too small to appreciably affect the projections.[@dyaa052-B9]^,^[@dyaa052-B43]^,^[@dyaa052-B50] Even if it did, it would have further lowered the estimates for the role of PAT exposure in the epidemic. Indeed, this was the case, as demonstrated by the conducted sensitivity analysis incorporating HCV-disease-related mortality ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).

Despite these limitations, a major strength of this study is that it provided a comprehensive characterization of the epidemic's historical evolution that is anchored on an extensive and quality foundation of epidemiologic evidence and incorporated the intricate demography of the Egyptian population. Even by factoring in the uncertainty in the modelled projections ([Figure 4](#dyaa052-F4){ref-type="fig"}), the conclusions on the role of PAT exposure were invariable.

To sum up, even though PAT campaigns played an important role in HCV transmission in Egypt, they explain only 6% of the infections that occurred since 1950. Most infections have been acquired through other modes of transmission, sometime over the past few decades. PAT campaigns were not the main cause of the epidemic---the ultimate driver of the epidemic is presumably the mass expansion of healthcare services and infrastructure that accelerated during the PAT campaigns and subsequent decades, but whose implementation did not adequately adhere to the best practices of infection control. Whereas broad healthcare practices may have driven the epidemic, demographic trends amplified it, leading to an immense expansion and a high-incidence-cohort effect for those who acquired the infection between the 1970s and the 1990s. Despite this historical adversity, the epidemic has been rapidly diminishing since the mid-1990s, with curtailed incidence at present.
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